For future medical microrobotics, we have proposed the concept of the electroosmotic self-propulsive microswimmer powered by biofuel cell. According to the derived theoretical model, its self-propulsion velocity is inversely proportional to the length of the microswimmer, while it is proportional to the open circuit potential generated by the biofuel cell which does not depend on its size. Therefore, under conditions where those mechanisms work, it can be expected that the smaller its microswimmer size, the faster its self-propulsion velocity. Because of its remarkable feature, this concept is considered to be suitable as propulsion mechanisms for future medical microrobots to move inside the human body through the vascular system, including capillaries. We have already proved the mechanisms by observing the several 10 μm/s velocity of 100 μm prototypes fabricated by the optical photolithography using several photomasks and alignment steps. However, the standard photolithography was not suitable for further miniaturization of prototypes due to its insufficient resolution. In this research, we adopted femtosecond-laser 3D microlithography for multi-materials composing of the conductive polymer composites and nonconductive polymer composite and succeeded in fabricating 10 μm prototypes. Then we demonstrated more than 100 μm/s velocity of the prototype experimentally and proved its validity of the smaller and faster feature.
Introduction
Biomedical swimming microrobots have great potential for use in innovative medicine, such as long-term drug delivery and painless pinpoint surgery. It has been discussed that microrobots autonomously explore the human body through the vascular system and carry out various medical tasks [1] . To achieve this, propulsion and energy supply in microscale biological fluids are the most significant challenges. These developments will require utilizing what can be supplied in the human body as energy sources and applying a propulsion principle that can operate effectively at the microscale. Furthermore, robots capable of swimming against the flow in capillaries are desirable because they can approach most tiny spaces in the body and perform various tasks such as attacking tumors. More specifically, we require mechanisms to realize robots with their size less than a few 10 μm which can swim with velocities more than a few 100 μm/s comparable to capillary flow velocity [1] . A number of microscale propulsion mechanisms have been reported such as external-fields-powered propulsions [2] [3] [4] [5] , microorganism-powered propulsions [6] , and catalytic self-propulsions [7] [8] [9] [10] by bubbles and/or phoretic flows. However, no mechanism has yet been established to meet the above requirements.
Considering those requirements, we have proposed the concept of the self-propelled microswimmer using electroosmotic propulsion (EOP) and biofuel cell (BFC) [11] .
The BFC mechanism generates an open-circuit potential (OCP) by decomposing biofuels that are present in the human body, such as glucose and oxygen. The EOP mechanism creates self-propulsion velocity by a reaction force of electroosmotic flow (EOF), with the OCP as the energy source. According to the derived theoretical EOP model, its self-propulsion velocity is inversely proportional to the length of the microswimmer, while it is proportional to the OCP which does not depend on its size. Therefore, under conditions where both BFC and EOP mechanisms work, it can be expected that the smaller its microswimmer size, the faster its self-propulsion velocity. This remarkable feature can make this concept the best solution to those requirements. We proved the concept by observing the self-propulsions of 100 μm prototypes with several 10 μm/s velocity in a glucose solution.
The prototype consisted of one insulating layer made of UV-curable polymer SU-8 and two conductive polymer composite layers consisting of SU-8 and silver (Ag) nanoparticles (NPs) on which specific enzymes were immobilized and was fabricated by the optical photolithography using several photomasks and alignment steps. However, the standard photolithography was not suitable for further miniaturization of prototypes due to its insufficient resolution.
In this paper, we report new smaller prototypes capable of swimming with faster velocities in a glucose solution. We adopted the fabrication method suitable for them using femtosecond-laser 3D microlithography [12] and multi-materials composing of the conductive polymer composites (CPCs) and nonconductive polymer composite (NCPC). Then we evaluated the self-propulsion velocity of the prototypes experimentally to prove its validity of the smaller and faster feature. Figure 1a shows the concept. The BFC comprises a redoxelectrode pair, with through-holes for drainage. One electrode works as a bioanode oxidizing glucose, and the other as a biocathode reducing oxygen. The BFC mechanism generates an OCP between the electrodes by the redox reactions. The EOP mechanism comprises an electrically insulating tube arranged between them. Electric force by the OCP generates a plug flow of electrolyte within the tube (i.e., EOF). Its reaction force then drives the tube in the opposite direction to the EOF. Due to the EOF characteristics, this EOP mechanism can work effectively in microscale fluids.
Materials and methods

Concept and physical model
The drag force acting on the outer surface of the tube is negligibly smaller than the reaction force inside it as proved in [11] . That condition sufficiently stands at the swimmer size more than 1 μm assumed in this research. Therefore, momentum conservation between the tube (with the mass of m and the velocity of v eo ) and the inner bulk electrolyte (with the mass of m f and the velocity of u eo ) stands as follows:
Their relative velocity is equal to the so-called EOF velocity as follows:
where L is the body length and �φ ca is the OCP generated by the BFC (Fig. 1b) . ζ is the charged potential of the inner surface of the insulating tube (so-called "zeta potential"). ǫ and η are the permittivity and viscosity of the electrolytic solution.
Self-propulsion velocity model v eo of the tube-shaped swimmer can be derived from Eqs. (1) and (2) as follows: [11] where ρ t and ρ f are the mass densities of the insulating tube and the electrolyte, respectively, and the total mass of the electrodes is neglected. The diameter ratio D/D t and the mass ratio m/m f are assumed to be constant. The OCP �φ ca does not depend on the electrode size. From Eq. (3), faster v eo is clearly expected by smaller body length L. Therefore, the proposed propulsion mechanism is theoretically suitable and advantageous for use as the self-propulsive microrobot.
μm prototype design
The configuration of the new prototype with a size of about 10 μm is shown in Fig. 2a . The two electrodes are made from CPCs incorporating SU-8, conductive NPs such as silver (Ag) or gold (Au) , and anodic or cathodic enzymes with immobilized on the NPs. Other researchers have shown that the SU-8 composite has good electrical conductivity when the volume fraction of the metal NPs for SU-8 solid exceeds about 6 vol% [13] . We used CPC incorporating the enzyme-immobilized AgNPs of 7 vol% . The AgNPs had a mean particle size of 30 nm. An anodic enzyme, such as glucose oxidase (GOx) or glucose dehydrogenase (GDH), are used for one electrode as a bioanode, a cathodic enzyme, such as laccase (LAC) or bilirubin oxidase (BOD), for another electrode as a biocathode. GOx was used as the anodic enzyme and LAC as the cathodic enzyme.
To immobilize the enzymes to AgNPs, we adopted the covalent bonding method using self-assembled monolayers [14] of alkanethiols formed over the NP surfaces like our previous research [11] . The insulating tube is made from NCPC incorporating SU-8 and nonconductive NPs such as fullerene ( C 60 ) or magnetite ( Fe 3 O 4 ). As a result of several fabrication trials, NCPC was required as the insulating material instead of only SU-8 to use the same power condition of the femtosecond laser for the three layers. The optimal laser power for polymer composites with NPs becomes smaller than that for only polymers because of the radiation absorption and scattering by the NPs and their agglomerates [15] . We used the NCPC incorporating the fullerene ( C 60 ) NPs of 2 vol% . C 60 NPs were suitable for NCPC because they have good dispersibility in uncured SU-8 fluid.
Fabrication process
The total fabrication process is shown in Fig. 2b . The fabrication process of 10 μm prototypes used femtosecond laser 3D microlithography [12] by "Nanoscribe Photonic Professional" ( 63× , NA0.75). First, a dextran film as a water-soluble sacrificial layer was patterned on a glass substrate by the lift-off method [16] as shown in Fig. 2b1 . Next, three structural layers (CPC/NCPC/CPC) and an SU-8 buffer layer were coated on the substrate as shown in Fig. 2b2 . The buffer layer was required for successful fabrication as described in detail later. To control the thickness of each layer, the viscosity of the material of each layer was adjusted in advance by diluting with cyclopentanone, which is a solvent of uncured SU-8 fluid. A focused spot (so-called "voxel") of the femtosecond laser (with the wavelength of 780 nm) was scanned in tubelike regions of the structural layers as shown in Fig. 2b3 . Only those regions were polymerized due to two-photon absorption.
The optimization trials of fabrication conditions are summarized to Table 1 . The optimal laser power was more than 3.0 mW for only SU-8 (Table 1 (1)) while it was less than 2.5 mW for only CPC (Table 1(2) ). No optimal condition existed between 2.5-6.0 mW for the same (Table 1(3) ). The optimal laser power for polymer composites with NPs is assumed to be significantly different from that for only polymers because of the radiation absorption and scattering by the NPs and their agglomerates [15] . Therefore, the same laser power condition is expected for the three structural layers by using NCPC as the material of the insulating layer. However, without the top SU-8 buffer layer, the only lower electrode layer remained (Table 1(4) ). The buffer was assumed to be required for the smoothnesses of both optical index and mechanical stress right above the top of the structural three layers. The SU-8 buffer is not polymerized because the laser power 2.5 mW is too small for it. From the above trials, the only successful condition Table 1(5) was derived.
The laser power was set to 2.5 mW and the scan speed 10 μm/s. Finally, through chemical development and cleaning (Fig. 2b4 ), 10 μm prototypes were successfully fabricated on the substrate as shown in Fig. 2c . During all baking processes, a baking temperature was set to less than 65 °C to avoid deactivation of the enzymes [17] . The thickness of the CPC layer was about 0.5-1.0 μm. The length of the prototype was about 11.0-20.0 μm depending on the thickness of the NCPC layer.
A test substrate for experiments was fabricated by O 2 plasma bonding of a well structure made of polydimethylpolysiloxane (PDMS) and the glass substrate with the prototypes ( Fig. 2b5) . A glucose solution (67 mM β-d-glucose, 150 mM NaCl, and fluorescent polystyrene (PS) beads with the size of 3 μm in 10 mM, 7.4 pH phosphate-buffered saline (PBS)) was added in the well. Its glucose concentration was set close to that of the blood of a diabetic patient [1] as the maximum in vivo value. That is the same condition as the previous experiments [11] . The dextran film is water-soluble, so the prototypes were released from the substrate immediately when the solution was added (Fig. 2b6 ).
Experimental methods
We carried out experiments observing self-propulsions of 10 μm prototypes in a glucose solution using an inverted microscope as shown in Fig. 3 . We acquired the videos of the movements from microscopic images, tracked prototypes, and identified propulsion velocities. Finally, we compared those results with the theoretical curves and the results of the previous 100 μm prototypes. Table 1 The optimization trials of fabrication conditions by using "Nanoscribe Photonic Professional" ( 63× , NA0.75) L: Layer, CPC: SU-8 and AgNPs of 7 vol% , NCPC: SU-8 and C 60 NPs of 2 vol% The test substrate was covered with a glass substrate and set on a stage just above the microscope. We can observe and identify unnecessary convective flows by tracking the PS beads in the glucose solution.
Condition Total thickness (μm) Laser power (mW) Scan speed (μm/s) Result
After acquiring the video from the microscope, a red circle and a white curve were added to that using "OpenCV" to track the center of gravity (CG) of the prototype and its trajectory. Blue circles with white curves were also added to that by optical-flow processing and they were trajectories of the PS beads or other residues in the surrounding fluid and indicated surrounding convective flows.
The velocities v p , v flow , and v eo against time t were extracted from the image-processed video with the sampling interval of 0.1 s, where v p is the velocity of the CG of the prototype, v flow is the mean velocity of the surrounding convective flows in the same direction, and v p − v flow is identified as the self-propulsion velocity v eo .
Results and discussion
Theoretical performance
Theoretical performance curves were shown in Fig. 4 which were calculated using Eq. (3) with the parameter values from Table 2 and Fig. 1b . From the theoretical curves, faster v eo is clearly expected by smaller body length L. If L can be made smaller than 10 μm, v eo is expected to exceed 1 mm/s, which is close to the blood flow in the human capillary system [1] . However, this depends on �φ ca , ζ , and η.
Self-propulsion of previous 100 μm prototypes
In the previous study, we fabricated 100 μm prototypes by the standard photolithography with several alignment and exposure steps as shown in Fig. 5a , and the selfpropulsions of them were observed in a glucose solution [11] . Figure 5b shows the fastest results. The trajectory of the CG shows that the movement was in a straight line. Over 25 s, the prototype moved 848 μm. its maximum velocity was identified as 35 μm/s by removing the surrounding convective flow velocities as shown in Fig. 5b3 . Figure 6 shows self-propulsion results of the two fastest 10 μm prototypes. Figure 6a1 , a2 show snapshots extracted from the image-processed video. Figure 6a3 shows the velocities v p , v flow , and v eo against time t extracted from the video. Figure 6b shows another result. The self-propulsions of the 10 μm prototypes were observed (Fig. 6a2, b2 ). Their trajectories (the white curves with the red circles) show that they moved in the straight lines. There were almost no convective flows (the white curves with the blue circles) around them. Over 2.5 s, the fastest prototype moved 215 μm (Fig. 6a2) . A maximum velocity of the prototype was identified as 126 μm/s from Fig. 6a3 . A maximum velocity of the fastest 100 μm prototype was 35 μm/s [11] . From the experimental results, the faster velocity by the smaller body size was confirmed as theoretically expected.
Self-propulsion of 10 μm prototypes
Miniaturization effect
Finally, we confirmed the validity of the experimentally identified velocities v eo of the five 10 μm prototypes by comparing with the theory and those of 100 μm prototypes [11] (Fig. 4) . The mean of v eo in the 10 μm prototypes was 100 μm/s and was better than that in the 100 μm prototypes, which was 19 μm/s. However, the range of v eo in the 10 μm prototypes was 18-126 μm/s, while that in the 100 μm prototypes was 10-35 μm/s. The reasons for the large variation in 10 μm prototypes are not exactly clear, but the variation might be due to the diameter ratio D/D t and the OCP �φ ca of the prototypes from Eq. (3).
We assume a dimensional error dD = 1.00 μm and (D + dD)/(D t − dD) = (9.00 + 1.00)/(6.00 − 1.00) = 2.00 instead of the nominal value D/D t = 1.50 . Theoretical v eo with dD is calculated as 54.4 % of its nominal value using Eq. (3). The sensitivity of the D/D t variation of 10 μm prototypes is relatively large because of its smaller D.
Also the OCP �φ ca is highly dependent on the activities of the enzymes. Using Eq. (3) with the parameter values from Table 2 , the OCPs �φ ca of the experimental v eo were identified as less than 200 mV and are worse than those of 100 μm prototypes identified as less than 400 mV [11] . The focused spot of femtosecond-laser might have resulted in more inactivation of the enzymes than UV exposure of the standard photolithography.
We consider that resolving this variation issue is one important future work.
Conclusions
We adopted the fabrication method using femtosecondlaser 3D microlithography and multi-materials composing of the conductive polymer composites (CPCs) and nonconductive polymer composite (NCPC) and succeeded in fabricating 10 μm prototypes. Then we demonstrated more than 100 μm/s velocity of the prototype experimentally and proved its validity of the smaller and faster feature. From this experimental verification, this concept is suitable for future biomedical microrobots.
Many challenges still remain for medical applications, such as improving yields, enhancing performance stability, ensuring biocompatibility, and so on. In the next steps, we will develop its strategy to control the microswimmers as microrobots. Also, another embodiments using BFC and EOF mechanisms are biofuel-driven wireless micropumps. They are expected to be applied to perfusions of biological fluids at small local sites inside or outside the human body.
